Highly purified coliphage Qf3 replicase when incubated-without added template synthesizes selfreplicating RNA species in an autocatalytic reaction.
The small bacteriophage of Escherichia coli, Q0, induces an enzyme, Q0 replicase, that is responsible for the multiplication of the phage RNA. This RNA-dependent RNA polymerase consists of one virus-specifiedl polypeptide subunit (I) and three host polypeptides a, y, anti 6 (1, 2). Blumenthal et al. (3) have found that 'y and 6 are the protein synthesis elongation factors EF Tu and EF -Ts, respectively. Subunit a was recently identified as the protein component S1 of the ribosomal 30S subunit (4) .
The phage replicase shows a very high template specificity for the complementary plus and minus strands of the homologous viral RNA (5, 6) . Unrelated viral RNAs and most other RNAs examineti (lo not serve as templates (5) .
In addition to replicating the Qu plus anti minus strands the enzyme will also copy poly(C) (7) as well as other species of self-replicating RNAs, including "6S RNA" isolated from QOinfected E. coli cells (8) and "variants," of Q,3 RNA (9) .
In this paper we offer strong evidence for a new type of temlplate-free (de novo) RNA synthesis, catalyzed by QO replicase, in which truly self-replicating RNA structures are produced. These sequences are not homopolymeric or strictly alternating anti they are adapted to the environmental conditions applied during their generation.
MATERIALS AND METHODS
Q 0 replicase was assayed according to Kamen (10) . One unit is defined as the amount of enzyme that catalyzes the incorporation of 1 nmol of GTP in 10 min at 300. Qf3 replicase was purified from Qf-infected E. coli K12 Hfr cells by the method of Kamen et al. (11) up to the density gradient centrifugation, but omitting the chromatography on agarose. Qo-replicasecomitaining fractions from the density gradient centrifugation (stage VI) were diluted 10-fold with a buffer containing 50 mM Tris -HC1 (pH 7.5), 0.1 mM dithiothreitol, and 20%
glycerol and applied to a column (1.6 X 10 cm) of QAESephadex A-25 equilibrated with the same buffer. The column was eluted with a linear gradient from 0 to 0.3 M NaCl (total volume 400 ml). This gradient ensures the complete separation of a-less and holoenzYme.
The Since the a-less replicase represents the "core enzyme" for generation and replication of ST-RNA it was selected for further studv of the template-free RNA synthesis. The (Fig. 3) . Remarkably, different sequences were produced at different enzyme concentrations, although exactly the same absolute amount of enzyme was applied in each experiment. However, repetition of template-free incubation under identical and optimal conditions (high substrate and enzyme concentration such as in experiment A of Fig. 3 ) several times resulted in the production of very similar RNAs, as judged by their fingerprint patterns. Second Contradiction to the Contamination Hypothesis. Preincubation of a-less replicase (stage VII) in the presence of only three nucleoside triphosphates for 2 hr and further incubation after addition of the omitted nucleotide resulted in the production of RNA species completely different in primary structure from ST-RNAs. Fig. 4 presents the fingerprint patterns of the obtained RNA species when GTP (A), CTP (B), or ATP (C) was omitted during the preincubation period. The chain lengths of these RNAs were estimated to be 180 for species A and 140 for species C. These RNAs were replicated slower (20-60%) than ST-RNA. To wrong by the following control experiment: As few as five to ten ST-RNA strands were added from the very beginning of an experiment identical to the one above (Fig. 4) replication of ST-RNA. In all cases, the resistant RNAs showed new oligonucleotide fingerprint patterns differing completely from the ST-RNA patterns.
DISCUSSION
In our opinion, the experiments presented in this paper leave no other interpretation but a synthesis de novo of RNA by Q83 replicase. De novo synthesis of nucleic acids in the absence of template is a common property of RNA and DNA polymerases (15) (16) (17) (18) (19) . However, all examples reported previously gave only highly ordered sequences. In contrast, the template- and nonrepetitive structures. A puzzling fact is the observation that under optimal conditions (high substrate and enzyme concentration)-but only at these-the products formed in separate but otherwise identical template-free RNA synthesis experiments give very similar fingerprint patterns. On the other hand, these RNA products have various replication kinetics, which indicates that the sequences cannot be identical. Moreover, the interpretation of the fingerprint patterns is hampered by the fact that usually more than half of the radioactive label remains in the core material, even though heat-denatured ST-RNAs were used. Nonetheless, these similarities of the fingerprints demand some sort of instruction upon the outcome of the RNA sequence. How this can be achieved in the absence of a template for RNA molecules as long as 200 nucleotides is very difficult to imagine, but there are several observations favoring the idea that Qo-replicase protein itself could exert this influence.
This enzyme contains several subunits with specific RNA recognition sites. The viral subunit fi is responsible for the template specificity of the enzyme, since the analogous RNA replicases containing the same host subunits but a different viral subunit exhibit a different template specificity. Another subunit of Qi3 replicase, the protein synthesis elongation factor EF * Tu, forms specific ternary complexes with GTP and aminoacylated tRNAs (20) and ensures the proper binding of the tRNA to the ribosome. Possibly the subunits 3 and EF -Tu favor the outcome of nucleotide sequences containing the elements of recognition. Studying the sequence of one ST-RNA published by Mills et al. (13), we were impressed by the high abundance of the nucleotide sequence UUCG and its complement CGAA. UUCG appears as often as seven times in this RNA and is located in the unpaired regions of the molecule. Remarkably, this sequence UUCG is common to most tRNAs (as T\IVCG in the "T'C loop") and involved in the binding process of tRNA to the ribosome (21-23), which is controlled by EF * Tu. Assuming a random polymerization to oligomers for the first phase of the de novo synthesis as postulated for other polymerases (24), Qt3 replicase would probably make a preferential use of certain oligonucleotide sequences for the final assembly of RNA molecules. Such a discrimination would limit the number of possible sequences. Moreover, during the replication phase the produced sequences are subjected to a strong selection. First, only self-replicating RNAs (plus and minus strands are recognized by the enzyme) can multiply. The more specific the recognition mechanism the higher is this sort of selection pressure. Second, from several self-replicating RNAs produced simultaneously during the lag phase, the fastest replicating species outgrows its competitors. These ideas might explain the similarity of RNAs produced under the optimal conditions and would also predict the experimental conditions resulting in the de nova synthesis of new RNA types: (1) Suppression of ST-RNA growth (experiments of Figs. 5 and 6) or (2) a supply of changed oligonucleotide sequences, e.g., caused by the omission of one nucleoside triphosphate in the preincubation phase (experiments of Fig. 4) or by the external addition of oligonucleotides (see Results).
As shown by our experiments, oligonucleotides influence the outcome of the final RNA species. Though the presence of a contaminating template in our. enzyme preparation was ruled out, the possibility of a contamination by an oligonucleotide still exists. This possibility might be another basis to explain the similarities of RNA species produced under optimal conditions.
